Abstract-A tunable quasi-monochromatic gamma-ray beam is indispensable not only for radiation measurements, but also for precise measurements of nuclear data. A design for generation of tunable quasi-monochromatic gamma-ray from the Compton backscattering of a laser light with a fixed energy electron beam has been investigated. We propose a new design (absorber-collimator scheme) by selecting the scattering angle of the Compton backscattered gamma-ray. Tunable gamma-ray can be obtained by changing the solid angle of the collimator (works as a low cut filter) and absorber (works as a high cut filter). A proof of principle experiment has been performed at the AIST-LCS beamline and the result showed that the absorber-collimator scheme could generate tunable gamma-rays. Numerical simulation based on the EGS4 well reproduced the experimental result.
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I. INTRODUCTION
A QUASI-monochromatic gamma-ray beam from the Compton backscattering of a laser beam (laser-Compton gamma-ray beam), which collides with a relativistic electron beam, has excellent characteristics, such as a tunable energy, a narrow energy spectrum, and a high polarization [1] , [19] . These characteristics are suitable not only for development of the radiation detectors [2] , but also for studies on the nuclear physics and the nuclear astrophysics [3] . Moreover, the nuclear resonance fluorescence (NRF) method is considered to have an excellent potential to detect a hidden special nuclear materials [4] . To obtain precise data with a good signal-to-noise ratio in the NRF, a monochromatic tunable gamma-ray beam is indispensable. This is due to the fact that the width of nuclear resonance is quite narrow ( eV) and the overwhelming fraction of gamma-rays outside of the resonance window contributes unwanted background [5] .
The energy spread of the laser-Compton gamma-ray beam mostly depends on the quality of the electron beam. Fortunately we can use high energy electron beams whose beam qualities are good enough to generate a 1% energy spread by using storage rings [6] . However, a few number of laser-Compton gamma-ray facilities in MeV-region are operated [6] - [8] . This is due to the fact that most of storage rings are dedicated to the synchrotron radiation experiments and are operated with a fixed energy for stable operations. Therefore, a method for changing the energy of the gamma-ray beam with a fixed energy electron beam is a critical issue. Since a very small fraction of the electron energy is lost in the Compton backscattering process for generation of MeV-region gamma-ray beam, it is quite difficult to apply the tagging method [9] , [10] . The other available methods to generate a tunable gamma-ray beam are i) to use a tunable laser, ii) to select a collision angle of the laser-electron interaction, and iii) to choose a scattering angle of the laser-Compton gamma-rays. Numerical studies have been carried out for these three methods [11] and a new design which selects the scattering angles by using set of an absorber and a collimator was proposed. This paper describes a principle of the absorber-collimator scheme, at first. Then, we will report on the proof of principle experiments and the experimental result will be discussed.
II. PRINCIPLE OF THE ABSORBER-COLLIMATOR SCHEME
The energy of the laser-Compton gamma-ray beam is given by [9] (1)
Here is the energy of incident laser photon, the energy of the electron beam circulating in the storage ring, the gamma-ray scattering angle respecting to the electron beam, the incident angle of the laser beam. When we tune these four parameters, the energy of the gamma-ray beam can be controlled. To obtain the gamma-ray energy range of 1-10 MeV for the NRF experiment under the condition of the fixed electron energy of 1.4 GeV, which is a common operational energy of the medium size storage rings, the required wavelength of the laser is calculated to be 3.7-37 m by using (1). However it is not easy to prepare such tunable laser system. Therefore controlling the incident angle of the laser and/or the scattering angle of the gamma-ray should be studied to generate a tunable gamma-ray beam.
The energy spread of the laser-Compton gamma-ray is written by [9] (2) 0018-9499/$25.00 © 2009 IEEE Here is the energy spread of the electron beam, the Lorentz factor, the beam divergence of the electron beam, and the solid angle of the collimator which determines the scattering angle. One can see from (2) that a high quality electron beam is the crucial point to generate a narrow energy spread of the gamma-ray beam. To obtain a 1% energy spread of the gamma-ray beam with the beam divergence of the electron beam of 0.05 mrad and the energy spread of 0.07%, which are typical parameters in medium size storage rings [12] , the solid angle of the collimator is calculated as 0.036 mrad. These conditions can be available in a modern storage ring and corresponds to the collimator of 1-mm diameter placed at 14.0-m downstream from the laser-electron collision point in practice. It should be noted that (2) is valid for CW or long pulse lasers whose bandwidth is negligibly small.
We should also mention the gamma-ray yield per collision, . From the laser-Compton process can be written as [13] 
Here is the number of electrons per bunch, the number of laser photons per pulse, the integrated cross section within the collimator solid angle, the effective length where the collision takes place, the cross sectional area of the larger beam, the speed of light, and is the pulse width of the longer beam. It is clear from (3) that the incline collision scheme with a long pulse laser decreases the photon yield because the effective length, , is as small as the electron beam size ( mm). Equation (3) also indicates us that a small electron beam size is preferable to generate an intense gamma-ray beam, because the cross sectional area, , is proportional to square of the electron beam size. Therefore, to obtain an intense gamma-ray beam with the inclined collision scheme requires a short pulse laser. Such scheme has already been demonstrated by R. W. Schoenlein [14] . However, this method uses the short pulse mode-lock laser system with a precise timing-stabilization system to compensate the timing jitters of the laser pulse with respect to that of the electron bunch. In general, these laser system have small average powers comparing to a long pulse or CW lasers. Because we needed a high-average gamma-ray yield for a practical use, we have concentrated on using a long pulse or CW laser system in this study.
Therefore, controlling the gamma-ray scattering angle is the other considerable method. In practice, we can generate tunable gamma-ray beam with a collimator which is placed in the off-axis scattering angle. However, the gamma-ray yield is severely decreased with this method. Therefore, as is shown in Fig. 1 , we propose a new technique using a collimator, which cuts the low energy gamma-rays, and an absorber put on the axis, which stops the high energy gamma-rays. For instance, to select 10-MeV gamma-ray with 1.064 m laser, the scattering angle is 0.576 mrad for 1.4 GeV electron beam. To obtain a 1% energy spread of gamma-ray beam ( MeV) the scattering angle can be calculated to be 0.580 mrad. Thus, if we put a collimator of 20 mm in diameter at 17.241-m downstream, the collimator works as a low energy filter. On the other hand, if we put an absorber whose diameter is 20 mm at 17.366-m downstream, the absorber works as a high energy filter. Since the distance control is more precise and easier than changing the aperture size of the collimator and/or the absorber, we can tune the gamma-ray energy by moving the collimator and the absorber position while keeping their diameters in constant in this study. By using this system the gamma-ray flux is expected to be order of photons/s/100 mA for 10-W Nd:YAG laser [11] .
We should note that the polarization of the gamma-ray beam will be degraded by this system, because large scattering angle leads depolarization in the scattered gamma-ray in Compton process. Therefore the spin-parity measurement [15] would be difficult with this system. We plan to apply the gamma-ray beam to nuclear physics study and nuclear data evaluation that require many gamma-ray photons exposed onto a target material integrated over measurement time. Because the beam is exposed onto a target which is a few cm in diameter in typical dimension, the beam can be circular or ring-shaped ones. With this apparatus, however, the energy tunability plays an important and critical role as we reported in this study. In addition, the ring shaped gamma-ray beam can provide a large irradiation area which could be useful for detection of hidden special nuclear materials.
III. PROOF OF PRINCIPLE EXPERIMENT
The proof of principle experiment was conducted in the AIST-LCS beamline [16] , as shown in Fig. 2 . The energy of the electron beam was 600 MeV and the beam current was 100 mA. A Nd:YAG laser ( nm) of 1-W output power was used. A lead block collimator of 8 mm whose length was 20 cm was placed at 6.2 m in the downstream of the laser-electron interaction region. Therefore, the top energy of 6.35 MeV can be derived by (1) and the energy spread of 36% (in full width) derived by (2) . Here we assumed that the solid angle of the collimator defined the energy spread. An 8 mm lead absorber of 10 cm in length was set at position. We put the absorber on an optical rail which was placed behind the collimator for precise movement of the absorber position along the downstream of the gamma-ray beamline. The energy spectrum and the yield of the gamma-ray beam were measured by using a NaI(Tl) detector of which was located at 7.7-m behind the collimator. The energy resolution of the detector was 8% for . The measured energy spectrum with the collimator only is shown in Fig. 3 . The spectrum observed shows a typical laserCompton gamma-ray beam, the sharp drop in the high energy region (around 6.3 MeV) and the gradual decrease in the low energy region. The peak energy of the gamma-ray was 5.7 MeV and the energy spread was 15% (rms). A monte-carlo calculation with EGS4 [17] was also shown in Fig. 3 as the dotted-line. The detector resolution, the electron beam size and the effective length of the laser-electron interaction region were taken into account the calculation. One can see a good agreement between the observation and the calculation.
The energy spectrum with the absorber-collimator configuration was shown in Fig. 4 . The absorber was located at 370 cm behind the collimator. The cut-off energy in high energy region was analytically predicted as 5.21 MeV by (1) . Therefore, we can expect 22% energy spread of the gamma-ray beam ( % in rms). As is shown in the figure, the peak energy was clearly moved toward the lower energy than that without the absorber (Fig. 3) . The peak energy was moved from 5.7 MeV to 4.5 MeV. Although the peak energy of the gamma-rays was successfully tuned by the absorber-collimator scheme, the energy spread was more than 20% (rms) which was broader than the simple analytic expectation. We also carried out the EGS4 simulation. The result was also plotted as the dotted-line in Fig. 4 . As is shown in Fig. 4 the EGS4 calculation successfully reproduced the experimental result.
To check the energy tunability, the absorber-collimator distance was changed from 370 cm to 470 cm, and to 570 cm. The cut-off energies were expected as 5.36 MeV at 470 cm and 5.50 MeV at 570 cm. Since we fixed the collimator position and moved the absorber only, the absorber-collimator distance was also changed the energy spread of the gamma-rays as 10% (rms) for 470 cm and 11% (rms) for 570 cm. Fig. 5 shows the result of the energy (square dots) and the energy spread (open circles) of the gamma-ray beam as a function of the distance between the collimator and the absorber. It should be noted that the energy of the gamma-ray beam was successfully tuned by the distance between the collimator and the absorber, but the energy spread was insensible to the distance. We will discuss on the energy spread in the next section.
The gamma-ray yield as a function of the absorber solid angle is shown in Fig. 6 . As is shown in Fig. 6 , a linear relation is clearly observed between the gamma-ray yield and the absorber solid angle. The gamma-ray yield of order of with 1-W laser was obtained by the absorber-collimator scheme. It could be noted that the gamma-ray yield of more than could be obtained by using a 10-W Nd:YAG laser. This yield would be acceptable to perform the NRF experiment [18] .
IV. DISCUSSION AND CONCLUSION
In previous section the measured energy spread of the gamma-ray beam shows very large one % and was insensible to the collimator-absorber distance. One can notice that the sharp drop in the high energy region in Fig. 3 Fig. 4 and turns to the gradual slope which is very similar to the low energy one. This could be explained that the finite length of the laser-electron interaction region broadened the absorber solid angle. We used the laser optics system with the Rayleigh length of cm which corresponds to the effective interaction length and could not neglect in comparison with the distance between the absorber and the laser-electron interaction region. As a result, about 8% fluctuation is calculated in the absorber solid angle. On the other hand, the sharp drop in the Fig. 3 is due to the 180 degree scattered gamma-rays which is maximum energy of the Compton backscattering (1). Therefore, there is no chance to broaden the energy spectrum over this sharp drop except for the energy spread of the electron beam which is a very small value, , in the storage ring. Moreover, the fact that the measured energy spread was insensible to the collimator-absorber distance suggests that the energy spread was not determined by the geometric condition only. A possible explanation is the large electron beam size ( mm) in this experiment. The previous numerical study predicted that larger beam size of the electron beam made broader energy spectrum [11] . To confirm this situation, we performed the simulation with a small electron beam size of 0.5 mm. Fig. 7 shows the result of the simulation. It is clearly shown that the electron beam size of 0.5 mm generates a narrower energy spread (13%) of the gamma-ray beam.
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We should note that the present simulation also includes the detector resolution which was good enough for the present energy spread of the gamma-ray beam. Thus, in order to obtain further narrow bandwidth of the gamma-ray beam, an electron beam of small emittance and a pulse laser of ps duration are required. Simulations predicted that the electron beam of 25 nmrad emittance and 10 ps laser pulse could produce about 7% gamma-ray beam by using the Absorber-Collimator scheme.
Consequently, a new design (Absorber-Collimator scheme) to generate tunable gamma-ray beam in MeV region was proposed. A proof of principle experiment has been carried out at the AIST-LCS beamline. By using an 8-mm collimator, which was placed at 6.2-m downstream of the electron-laser interaction point, and an 8-mm absorber, which was placed at 370 cm behind the collimator, the energy of gamma-ray was successfully tuned from 5.7 MeV to 4.5 MeV. On the other hand the measured energy spread was broad one % and insensible to the absorber solid angle. This broad energy spread was due to the effective length of the laser-electron interaction region and to the large electron beam size of 2 mm. An EGS4 calculation which included the detector response, the effective length of the laser-electron interaction region, and the electron beam size well reproduced the measured energy spectrum.
The yield of the gamma-ray was s/100 mA/20%BW/W and showed a linear dependence of the absorber solid angle. The total gamma-ray flux of /s/100 mA, which is large enough for the NRF experiment, can be obtained with a 10-W laser.
